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Split path gearboxes call be attractive alternatives to the

common planetary designs for mtoretaft, but because they

have seen little use, they are relatively high ritk designs. To

help reduce the risk of fielding a retmcraft v_th a split path

gearbox, the vilnfioa _ dymtmtc charactmi_cs of such a

gembox wore studied. A mathematical model wm developed

by usingthe Lagranglan method, and it was applied to study the

effect of three design variables on the natural frequencies and

vibration energy of the gearbox. The first design variable, shaft

angle, had little influence on the natural frequencies. The

second variable, mesh phasing, had a strong effect on the levels

of vibration energy, with phase angles of 0° am1180° produc-

ing low vibration levels• The third design variable, the stiffness

of the shafts connecting the spur gears to the helical pinions,

strongly influenced the natural frequencies of _ of the

vibration modes, including two of the dominant modes. We
found that, to achieve the lowest level of vibration energy, the

for rotorcrafl have been studied and developed extensively

thnmh dect_ of ex_.

An alternati_,e to a planetary stage is a split path stage. To

date, split path _ (son!crimes called split torque) have

seldom been ! in m/otcra_ Although a split path design

feature, only two_pmlm rather than the three to six typical

of planetary _,it can wovide a larger Speed reduction at
the final stage and thus the weight of the drive train can be
reduced. Wl_te I-9 advocated using split torque gear trains for

rotororaft because they can offer such advantages as lower

weight, fewer parts, higher reliability, reduced noise, and

reduced power losses. However, a lack of experience has

inhibited their use in helicopters since these designs have been

considered costlier to develop and riskier to use than the

planetary designs.

Recently,'seveGd researchers have studied and developed

split path!sion technology.HeathandBosslor4 re-

natural frequencies of these two dominant modes should be less _ on the_ and dev_t of a design that features
bmoe___m a s mdieda mothl_

than those of the main excitation sources. _q___ hdical jC,ar pairs of a split path

.... fl_t __lumism _Afli¢h automadcally balanced

Introduction i .............. thepower_Ix_,_m_ thetwo load imths.Kish$ reportedon the
:_ _ study and de_ent of a _ path design for a heiicopter;

The performance of a rotoreraft drive syStmm _ a sigldfl- _ that werk _ extensive laboratory testing, and a similar
cantimpacton _ ve_t_'s payloadand_. P_g=il i de,ip_,s_foruseintheU.S.Army_J_-_Com_.be

comfort and safety, operating cost, and _s.'To _ve !_i_i_heacoptef.:_ 9concluded, attorusing adynamic analy-
the drive system, designers strive for systems l]_at_ li_ in ! _sis to study mifi._ mesh gear trains, that the positions of the

weight, _, and more reliable than the _ state-of-:i gearshad a _ influence on dynamic response of such

_m _" _ _ _m_ _ i _ _ _ " : _" _ _: .... _ _ _

inthedesign°ftbedrivesystemistheselecti, o_°ttlie_ ." :::_::::_i::: _ _i: " . •
ammgmnont, rThemost connnon choice for _ 8ear stage ; In this invelqlalion, the vlb#elioa muddynamic charactefis-

of a helicopter main rotor transmission has been a planetary tics ofasplitpathgearbox were studied.Amathematicalmodei

stage, which features an output shaft driven by several planets, of the gear train was derived to study the effect of design

witht_s pl,_t_y _,_ngement,power,suwmittedth_ongh , v_ables on __ f_qu_mes _d !ever, of vib._'."un
multiple load paths. The multiple load paths reduce the weight energy of the _, The results of studymg three variables,

ofthegeartrain sincethesizeofagearisdeterminedbythegear shaft angle, mesh'phasing, and compound shaft stiffness, are

tooth loads rather than tbe total tcn_que. Pl_ stage designs l_esented._ ,_ _;_ :-t





- E

venion of a torsionally compliant _ m/ghl_ conside_
futuredes/gns,thecompoundshaft_.ffees, WUconsidemtas
a design variable in thisstudy.

In addition to shaft compliance, we chose tWoproperties of

the gearbox as design variables and studied their imlmct on

dynamic response: the first was the shaft _ (F'itr_3), w_ch
define,then_ _r thej_r _; _e _ed wu_

vary_.W_,c_z, hp,_z_ __,for,asiv_.mo_
gearsandcenterdistances,themeshphasia8i_defined'bythe
shaft angle. Here, however, they were considered as indepen-
dent variables for the purpose of analysis.
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_ _ tuputima, e_a mac _ e_ _M emutmu_

sm.tn_ T_ UupemOm_ _ am _
_ m_ moveh_mU_ b_ donotell Axial a

,._-. ,.

A set of eqMtiom ef_ for the model were dedved by
the _i_ metUo_

c_j _ (J =1"2' ....19)

__ _._m_!i !ii _Jm

opemtlngpremmee_AHsUffne__wam_ f___,._._F_ctions defining the displacement
emoUne'armzt,im_Hame°_a_ mmu__ ___-_ao_ w_ inc_,_t on a_ _isu_sioe _

the moochto siumhm p_tehrotors,nmout, md_ m
nears of static mmmission error not attritmmble to

effects.

_on _

The flme-vmyins mesh stiffnesm-,_e d_emined by ap-

plying Com ." omamima
_ _ a p_-of spurs_.arteeth as a fuaOion'o_ couu_

_ofieee_taeomactmd__ etany, we
summedthe _of _/Imma_ temhto_tektthe mmh

-_ ...._-:_ miffne_ as afuuceonof gearpm!tio_ The bellini ImB were

_(mmnm, modeJedu a sm_ of _ apur ipun _tlmt Comen's

method for sp_ gears maid be aeplte_LTte time-vmym_
_ _for the spurmesh m_rness eimnents is shown
in x_s. 4. TUe_ or suddea c.Uan_ in _ _
fum_ are pmitions ofChnge tu the numberof teeet in

conm_._Th_ .LU_Id_clmnsminstiffn_an_amjor m

" _ -: as the mm of two _ _ whoae_m me

-_ e_en_ _Vtyt6_e_e_ef_
runout and accumulated piw.h en_s on the inoeons of tlte

system.

__!"rite _meeet_sa'_xt wua_t
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in tm_oa. Tee sources of forced vilmeion _the qtem used

in this slady were the lime-varying mesh sfiff_u aaddillpla_-
ment elemems. Theseelements weredefmed suchtlm Ihem_

transmission errors of the mmlytical model wae _mtbtr to
those of typical ge,mboxu. No extanal varying fonuing hnc-
tions or mass imbalance effects were considered in this study.

,Analysis Teclmio_ues

Both time domain and frequency domain calculatiom were
done to study the system of equations of the mllthemldical
model. We calculatedthe system's naturalffequencimto randy
behavior in the frequm_ domain, md we imesrmed _

equations numerically using a fifth/sixth order Runge-Kcma
method TMto study behavior in the time domain. To integrate,

one needs an appropriate set of initial coudilimm. In this
investigation, we sot all gcmeraliz_ comdinm_ equl to zwo,
and za'o farces miniImzqumswere applied to the system. Thus,
zero pmmstialenergy was moral in the spring elmnmm mt_lms

equal to zero. This initial conditica _ tothe-i_box
operating at speed with nqlisible/oad end with
vitmdion. The transition from this known initial stalntO_

powe_ condition was woomplished by gru/ua_
input and output torques to the system with a 0.05-see nunp-up
function. At any instant, torques corresponding to equal but
opposite power wme applied to the input andOutlmt inmias.

time step of the nummic integratiea was amkcfmdtO_
about 1/40th of the spur gear mesh period" + +_ +_._+_::_

Theprocedurejustdescribedforthetime
yielded the system response to both the fin_-vmTl_ .mm_
properties and the ramp.up input and output totqBe
Since we were interested in obtaining the system nmpmae te
the time-varying mesh only, a second set, of __
calculations were done with the mesh properties defined as

constants equal to the:_ meamvatue,__
system nmpometojust the romp-up functions. Them+
the pt_n_ ef _, we m_mm_ _w __o
just the ramp_ funcemm from that of beth exctmlomm
de_rmiue dm system respome m fl_e1_ur,-vmyin_ mmklmp,
erties only. From the system response f_ typi_
excitations, figures of me_t, based on the vi_.mmW,+_
the system, were ¢alculal_ as follows to compm_ dlMfllpl

Opt/ons" ,: _ :i

t,2_

+ j_Plka_2_p ++ +

f+= h (i=1,2 .....21) _++ +: _++('2-',) +-+'++++
+ + + i +.' _' =++

He+e, E+ is the vibration energy figure of merit for i_;
k+is the spring constlmti and/I is me change in I_ _

springe_im me.n]mgth_dng theeme from_ to
t2. Fm.torsioual motiom, the equmioa wu applied din_y. 1_"
iatend motimm, the two qZlml_ s_ each. shaft were
eonvet_ to a sinlle mdtat miirmem+vaim, m_t tim lmml
motions were _,mu_tfl_l _uq_it m lmtat monlimmm
b_or_ the figure of tam'itw_ c_mim_L Tim _qpu_ o_mm_ b
a mcamn-eof the vlbrmkm eam'gy pus/nl through a sha/t or

shaft suppo_ ++_..........

_ Stud_ mid Remlts _-+
-+++ ]_-t+[ .7 __ "-i. -'" ;_+'. ++ -

The ART .pHi p_h mmps4mmmml_ mmiomM_ complim
compound.tm/ts _S. _)wm_m__e_ study.
Varimions.of this dmiiln-,mm+iim _;by _mlp_Utt+o_

desiga vmiable at a time te empire the _of tim ..mu_bte
on vibrationmodes aadvllmmiou enm_ kvoisofdmpmbox.

The input pinion sh_t anSlz a (F_ 3) was cmuidmal u a
design variable. For a given set of gears aud center distances, it
defines the locations of the i_r_ The nmmai fn_luem-

cies_tl_ ge.mbox we__,m tlmslm_ m_le was vmied
from 80° to 180° (too+Pig. 6). Note that many of the mamml
_p..m/_ n.nm em.mmia_ammm m,th_ _ u_ is
varied. Also, it is sip/ficlt thamany med_ me within the
mnp of thesembax.umst_ f.ndmum_ fn,quE/m aad
panmy harmmea,+eraspar fundmmm_f_qua_ beinS
2140 Hz midthe helical bei_.275 Hz.+In lm,actiee, lhe wl_mlion
of simft ani[le woutdbe di_ mottufty by l_cted dymunic
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bauneitneadufl mile wouldbe admihu'W mmdsolmhu_ with
au__ naut_am_.

A plotofl_ __ _mm ofremitf_rl_ kl_

_uma,_ __ anmhphu_ x,a_auoe_

_u_ue_ n_m,nvam,a_on_'_ pow_p_nu

_X,H

i-
I-

id.'__i

O

mlatloml_ tomm_ Imquam_

mowed_hatslmfl_ hasa vaTstlpd_mmimpa:t m the
_ofvnsmion oftheparbox._ _4,ho_m__
inimuimmlvibrationenerlOlevelsfo_fiveoftheMmllsoflhe

U the _ Shift _ was vm_ied. At a

_' r 9 maq_Inmeiondomd_of_ofmetwodu_St_rnm°_ab°ut_'Sx_@in"_md':_nma'_f_m°Y°f

the 16thmode of vihmioa coJm:ic_ wi_ the mecondlmrmouic

I_ lmh. (the left l_h). A, the .haft_ is fura_
_ 4- S_......_6"__ e a_o ° __._rdg.0x_O _i_.-m_,_ _ _ _

the _i_ht side powa" path.
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TUcchanges in the later_ _braaon enerSy_elS of fo_
shafts are depicted in Fig; 15 as a function of_ compound

shaft stiffness. Note that although Verystroog torsi_ reso:

nances were csse,, ti_y limited to one of the two power _,_
all four of thegeandmfts had'highlateral vibration i_d_ _¢_
a resonance was _dt_. The power density _ _

trum of the right compound shaft torsional vibration was
calculated for the two values of shaft sfiffnesses studied. These

two spectra are presented in Fig. 16. Note that at a shaft
stiffness equal to 3.0X10 6 in.-ib/rad (Fig. 16(a)), the second
_nlc of spur mesh f_luency is suongly represented.
_is also sore= enm_ atftequenciesnear tl_ 15th and 16th
-mmu'alfrequencies even thou_ they do not conespond to any
mesh fundamental harmonic. This would indicate that the 15th

and 16th modes are dominant ones for this system and that the

second harmonic of mesh frequency is a strong excitation
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